In the present study, an aqueous extract was prepared using calli from the in vitro-derived leaves of Pyrus pyrifolia cultured in Murashige and Skoog medium containing picloram for a plant growth regulator. The major biological components in the callus extract were identified as uridine (1), adenosine (2), and guanosine (3). In terms of the antioxidant activity, at 300 µg/mL, the extract exhibited free radical scavenging activity of 76.9% ± 2.88% in the 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay, comparable to that of 44 µg/mL ascorbic acid (82.5% ± 3.63%). In addition, the IC 50 values for inhibition of advanced glycation end product formation from collagen and elastin were 602 ± 2.72 and 3037 ± 102.5 µg/mL, respectively. The extract significantly promoted keratinocyte and fibroblast cell proliferation in a dose-dependent manner. Moreover, fibroblasts treated with 1.36 µg/mL extract exhibited a 1.60-fold increase in procollagen type I C-peptide level compared to controls. The in vitro wound recovery rates of keratinocytes and fibroblasts were also 75% and 38% greater, respectively, than those of serum-free controls at 9 and 36 h after extract treatment (1.36 µg/mL). Additionally, the extract flux across the human epidermis increased by 1598% after its incorporation into elastic nanoliposomes (NLs). Therefore, elastic NLs loaded with Pyrus pyrifolia callus extract have potential use as skin rejuvenators and antiaging ingredients in cosmetic formulations.
Introduction
Cutaneous aging is a complicated biological process caused by various intrinsic and extrinsic factors, which bring about gradual destruction of structural integrity of the skin as well as its physiological functions [1, 2] . Extrinsic aging involves a number of factors, such as continuous exposure to environmental insults, e.g., ultraviolet (UV) radiation. Such insults result in oxidative damage to the lipids, proteins, and DNA of the skin via the generation of free radicals that provoke cross-liking of collagen, thus leading to a loss of skin elasticity. Free radicals also damage the dermal connective tissue, resulting in premature skin aging (photoaging) [3] [4] [5] . Furthermore, persistent exposure to reactive oxygen species (ROS) has been shown to initiate skin aging, including wrinkle formation and melanogenesis [6] . The origin of intrinsic aging is commonly called the "biological clock." One theory is based on the observation that diploid cells, such as fibroblasts, have a finite lifespan in culture [7, 8] .
carriers including solid lipid nanoparticles, polymeric nano-sized micelles, and microemulsions and nanoemulsions, to facilitate their skin penetration and/or protect them from degradation [35] .
To produce various bioactive compounds, this study aimed to prepare and characterize an aqueous extract of P. pyrifolia callus as an antiaging cosmetic ingredient. In addition, topical nanocarriers based on nanoliposomes (NLs) were designed to enhance skin permeation of the callus extract. Calli were established from leaf explants of P. pyrifolia under controlled conditions, and molecular markers in the aqueous extract from in vitro-derived calli were identified by liquid chromatography mass spectrometry (LC-MS). Thereafter, the antioxidant activity of the callus extract was characterized by 1,1-diphenyl-2-picrylhydrazyl (DPPH) and 2,2 -azinobis-(3-ethylbenzoline-6-sulfonate) (ABTS) free radical scavenging assays, and the reduction of transition metal ions by ferric-reducing antioxidant power (FRAP) test. In addition, the inhibitory effect of the callus extract on ECM protein glycation was assessed by collagen and elastin glycation assays. To evaluate the skin regeneration efficacy of the P. pyrifolia callus extract, its abilities to stimulate proliferation and migration of keratinocytes and fibroblasts, followed by promotion of collagen synthesis by human fibroblasts, were measured. Finally, improvement of the skin permeability of the callus extract was assessed after its incorporation into elastic NLs.
Materials and Methods

Materials
Murashige and Skoog (M&S) medium, picloram, 2,4-dichlorophenoxyacetic acid, and 6-benzylaminopurine were purchased from Duchefa Bohemia B.V. (Haarlem, The Netherlands). Uridine, adenosine, and guanosine were obtained from Tokyo Chemical Industry Co. Ltd. (Tokyo, Japan). DPPH, ABTS, potassium persulfate, 2,4,6-tris(2-pyridyl)-s-triazine (TPTZ), ascorbic acid, FeCl 3 , FeSO 4 , cholesterol, and polysorbate 80 (Tween 80) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Hydrogenated lecithin (Lipoid P75-3) and hydrogenated phosphatidylcholine (Lipoid P100-3) were provided by Lipoid (Ludwigshafen, Germany). Other chemicals were obtained from Merck KGaA (Darmstadt, Germany) and Thermo Fisher Scientific (Waltham, MA, USA).
Preparation and Characterization of P. pyrifolia Callus Extract
Preparation of Plant Material
P. pyrifolia plant seeds were soaked in pure water overnight and then immersed in 70% (v/v) ethanol for 90 s. After sterilizing their surfaces with a 4% (w/v) sodium hypochlorite solution for 15 min, the seeds were grown aseptically in M&S basal medium supplemented with 3% (w/v) sucrose and 0.4% (w/v) gelite. The pH of the medium was adjusted to 5.8 with 1 N NaOH before autoclaving at 121 • C for 15 min. Next, the seeds were maintained up to sprouting for 16 h in the light (2000 lx; 25 • C ± 1 • C) and 8 h in the dark (16 • C ± 1 • C) for 3-7 days. To induce callus formation, a 5 × 5-mm wound was created on the young leaves from the germination using a scalpel and placed onto M&S medium containing 3% (w/v) sucrose and 0.26% (w/v) gelite in combination with growth regulator (2 mg/L of picloram), followed by incubation in the dark at 26 • C ± 2 • C for 8 weeks. After collecting the calli, they were transplanted in the fresh M&S medium with 2 mg/L of picloram, and further incubated in the dark in a growth chamber at 26 • C ± 2 • C for 4 weeks. To raise the biomass of callus, cell suspension cultures were initiated by cultivating the calli in 500-mL flasks with 200 mL of M&S medium containing 3% (w/v) sucrose and 2 mg/L of picloram on a rotary shaker (120 rpm) in the dark at 25 • C ± 1 • C and then subcultured once every 3 weeks. After gathering and air-drying the calli at 50 • C, they were pulverized into a fine powder. Next, an aqueous callus extract was prepared by boiling 200 g of the callus powder in 1 L of water for 4 h, followed by filtration through a filter paper (pore size: 0.4 µm) and freeze-drying.
Isolation and Identification Procedure
The dried extract (9.98 g) was separated by flash chromatography using RP cartridges (120 g, KP-C18-HS; Biotage, Uppsala, Sweden) and eluted with methanol-water mixture (0:100 to 40:60) for 60 min at 40 mL/min to afford 13 fractions. Fractions 3-6 were further purified with a semi-preparative high-performance liquid chromatography (HPLC) system composed of a Waters 600 HPLC controller and pump with a 2998 photodiode array detector using SunFire Prep C18 OBD (150 × 19 mm, 5 µm; Waters, Milford, MA, USA). The mobile phase consisted of water containing 0.1% (v/v) formic acid (A) and methanol (B), and was applied in linear gradient mode from 100% to 93% A at a flow rate of 7.0 mL/min for 40 min to yield uridine (1, 19.9 mg), adenosine (2, 28.1 mg), and guanosine (3, 12 .0 mg). Nuclear magnetic resonance (NMR) data were obtained using a Varian VNMRS600 spectrophotometer (Varian, Palo Alto, CA, USA). LC-MS was performed using an Agilent 1260 Infinity system combined with an Agilent 6120 quadruple LC-MS system in positive ESI mode (Agilent Technologies, Santa Clara, CA, USA) with the following parameters: capillary voltage, 3.0 kV; nebulizer (N 2 ) pressure, 35 psi; drying gas temperature, 250 • C; drying gas flow, 12.0 L/min. HPLC quantification of 1-3 in the callus extract was performed with a Waters HPLC system equipped with a Waters 1525 binary pump, Waters 2707 autosampler, and Waters 2998 photodiode array detector using Acclaim Polar Advantage II C18 (250 × 4.6 mm, 5 µm; Thermo Fisher Scientific). The eluent was as follows: 0.1% formic acid-water (A) and methanol (B), with 100%-95% of solvent A for 40 min at a flow rate of 1.0 mL/min under 254 nm. Each sample was injected in a volume of 10 µL. Total phenolic and flavonoid contents were determined, as described previously [36] [37] [38] .
Antioxidant Activity of P. pyrifolia Callus Extract
DPPH Radical Scavenging Assay
The DPPH radical scavenging activity of the callus extract was examined according to the method of Brand-Williams et al. [39] . Briefly, 100 µL of aqueous solution of callus extract or ascorbic acid was mixed with 100 µL of DPPH in methanol (0.2 mM). The mixtures were then incubated in the dark for 30 min at 25 • C. The negative control and background test sample were prepared by adding 100 µL of DPPH solution to 100 µL of methanol and ascorbic acid solution or callus extract, respectively. The absorbance of the sample at 517 nm was then measured against a blank consisting of a mixture of 100 µL DPPH solution and 100 µL water. The radical scavenging activity was calculated using the following equation:
where A is the absorbance at 517 nm of the negative control, B represents the absorbance of the test sample at 517 nm, and C is the absorbance of the background test sample at 517 nm.
ABTS Radical Scavenging Assay
The ABTS radical scavenging activity was evaluated using the method of Re et al. with minor modifications [40] . ABTS •+ solution was produced by mixing 7 mM ABTS with 2.45 mM potassium persulfate solution (1:1, v/v) at 25 • C in the dark for 12-16 h. Then, this solution was diluted with water to obtain an absorbance of 0.70 ± 0.05 at 734 nm and used as a negative control. An aliquot of 100 µL of the test sample solution was mixed with 3.9 mL of the diluted ABTS •+ solution. After incubation at room temperature for 30 min, the absorbance of the mixture was measured at 734 nm. The ABTS radical scavenging activity was calculated using Equation (1) with C as the absorbance of the test sample at 734 nm before incubation.
FRAP Assay
The FRAP assay is a method for measuring the ability of antioxidants to reduce Fe 3+ to Fe 2+ , resulting in the formation of a blue-colored complex of Fe 2+ with TPTZ, which shows absorbance at 593 nm. The assay was carried out based on the method described by Pulido et al. with some modifications [41] . The FRAP reagent was prepared by mixing 2.5 mL of TPTZ solution (10 mM TPTZ in 40 mM HCl), 2.5 mL of FeCl 3 solution (20 mM), and 45 mL of acetate buffer (300 mM at pH 3.6). Then, 3 mL of FRAP reagent was added to 100 µL of the sample solution. The mixture was incubated at 37 • C for 10 min, and the absorbance was measured at 593 nm relative to a blank (sample solution containing water instead of the callus extract). The antioxidant potential of the sample was determined based on a calibration curve prepared using FeSO 4 at concentrations of 0-2000 µM.
Protein Glycation Assay
The antiglycation effects of P. pyrifolia callus extract on collagen and elastin were evaluated using collagen and elastin glycation assay kits (Cosmo Bio Co., Ltd., Tokyo, Japan) according to the procedure described by the manufacturer. Briefly, all samples and standard solutions were kept at room temperature before analysis. For collagen glycation assay, 50 µL of collagen solution was aliquoted into 96-well black plates and incubated at 37 • C overnight to allow for gelation of the solution. To each well containing collagen gel was added 40 µL of different concentrations of aminoguanidine (antiglycation standard) or P. pyrifolia extract powder diluted in dilution buffer. Separately, elastin solution (50 µL) was added to each well of 96-well black plates followed by 40 µL of antiglycation standards and P. pyrifolia extract solution in dilution buffer. Then, glyceraldehyde solution (500 mM, 10 µL) was thoroughly mixed with each standard and sample in the wells, except for the sample blank. After immediately measuring fluorescence at 0 h using a fluorescence plate reader at an excitation wavelength of 370 nm and an emission wavelength of 440 nm, the plates were incubated at 37 • C for 24 h or 6 days under conditions of high humidity to induce collagen and elastin glycation, respectively. The formation of glycated collagen or elastin was then assessed by measuring the intensity of AGE-specific fluorescence. The inhibitory effect of glycation was calculated using the following equation based on the reduction of fluorescence intensity:
Inhibition of protein glycation (%) = (B − A)/A × 100 (2) where A represents the reduction in fluorescence intensity of the test sample before and after incubation, and B is the reduction in fluorescence intensity of the standard with 0 mM aminoguanidine before and after incubation.
Antiaging Potential of a Callus Extract of P. pyrifolia
Cell Proliferation Assay
In order to evaluate the effects of P. pyrifolia callus extract on keratinocyte (HaCaT) and fibroblast (CCD-986sk) cell proliferation, HaCaT or CCD-986sk cells were seeded at a density of 1 × 10 3 or 5 × 10 3 cells per well in 100 µL of Dulbecco's modified Eagle's medium (DMEM; Lonza, Zurich, Switzerland) containing 10% (v/v) fetal bovine serum (FBS; Thermo Fisher Scientific) and 1% (v/v) penicillin/streptomycin (Thermo Fisher Scientific) in each 96-well plate, and then incubated at 37 • C for 24 h. Next, the cells were treated with different concentrations of adenosine or P. pyrifolia callus extract in DMEM with 0.5% (v/v) FBS, alone or in combination, and incubated for a further 24 h. Cell viability was then evaluated by WST-1 assay (Roche Diagnostics, Mannheim, Germany) performed in accordance with the manufacturer's instructions. Briefly, 10 µL of diluted WST-1 solution (5 mg/mL in phosphate-buffered saline [PBS], pH 7.4) was added to each well and incubated for 2 h. The absorbance was then measured at 450 nm and the percentage cell viability was calculated by comparing the values of treated cells to those of untreated cells.
Procollagen Synthesis Assay
To determine whether the callus extract exerted antiwrinkle activity by promoting collagen production, the concentration of procollagen type I C-peptide synthesized by fibroblast cells was evaluated as a biomarker of procollagen formation. Aliquots of 1 × 10 4 CCD-986sk cells in 100 µL of DMEM with 10% (v/v) FBS were seeded into each well of 96-well plates and then cultured until the cells reached 80% confluence. After incubation in DMEM with 0.5% (v/v) FBS for 12 h, the cells were cultured in serum-free DMEM at 37 • C in the presence of various concentrations of callus extract alone or in combination with 0.015 µM of adenosine for a further 24 h. Next, the level of procollagen type I C-peptide in the culture medium was assessed using an enzyme-linked immunosorbent assay (ELISA) kit (Takara Bio, Shiga, Japan) according to the manufacturer's instructions.
In Vitro Scratch Wound Recovery Assay
To examine the promotion of skin regeneration by P. pyrifolia callus extract, HaCaT and CCD-986sk cells were seeded in Essen ImageLock 96-well plates (Essen Bioscience, Ann Arbor, MI, USA) at a density of 1 × 10 4 cells/well and 4 × 10 4 cells/well, respectively, and then cultured in complete medium at 37 • C for 48 h to form confluent monolayers. After treating the cells with 5 µg/mL mitomycin C in culture medium for 1 h to block proliferation, a scratched wound area (cell-free zone) was formed in each well using a wound-maker. The cells were then washed twice with PBS (pH 7.4) and further incubated in 200 µL of DMEM with 0.5% (v/v) FBS and different concentrations of adenosine or P. pyrifolia callus extract alone or in combinations at 37 • C. Wound closure induced by cell migration was observed every 6 h using an IncuCyte Zoom microscope (Essen Bioscience) and the extent of wound recovery was automatically calculated using phase-contrast image analysis software.
Preparation and Characterization of P. pyrifolia Callus Extract-Loaded NLs
P. pyrifolia callus extract-loaded NLs (PC-NLs) were produced by emulsification followed by microfluidization. Briefly, Lipoid P75-3 (2.5 g), Lipoid P100-3 (2.5 g), cholesterol (1 g), squalene (1 g), ethanol (1 g), and caprylic capryl triglyceride were mixed at 60 • C to form an oil phase. Separately, the P. pyrifolia callus extract (3 g) and glycerol (50 g) were dissolved in 34 g of water (aqueous phase). The oil phase was then slowly added to the aqueous solution and mixed at 3000 rpm for 10 min using a homogenizer (Primix Corp., Hyogo, Japan) to form a primary emulsion. Then, the primary emulsion was passed through a microfluidizer (LM20; Microfluidics Corp., Westwood, MA, USA) operating at 1000 bar (15 cycles) to prepare PC-NLs.
Callus extract-loaded elastic NLs (PC-ENLs) were produced by the thin-film hydration method followed by microfluidization. Briefly, the organic phase containing Lipoid P75-3 (4.28 g), Lipoid P100-3 (4.28 g), and cholesterol (5.7 g) was dissolved in a mixture of chloroform and ethanol (4:1, v/v). Then, the organic solvent was completely removed using a rotary evaporator, forming a thin film in a round-bottomed flask. The aqueous phase containing the callus extract (1.85 g) and Tween 80 (1.07 g) in 11.14 mL of PBS (pH 7.4) was added to the flask, followed by hydration of the thin film with continuous sonication. After adding 33.42 mL of PBS (pH 7.4), the dispersion was then passed through a microfluidizer at a pressure of 1000 bar for 15 cycles to form nanosized elastic NLs containing callus extract.
To evaluate the average encapsulation efficiency of P. pyrifolia callus extract in NLs or elastic NLs, 500 µL of the dispersion of NLs was centrifuged at 18,000 rpm for 1 h. The concentration of unincorporated adenosine in the supernatant was then determined by HPLC at 320 nm, as described above. In addition, the mean hydrodynamic diameter, polydispersity index (PDI), and zeta potential of the PC-NLs or PC-ENLs were assessed at 25 • C by dynamic light scattering (Malvern Zetasizer Nano ZS90; Malvern Instruments, Malvern, UK) after dilution in deionized water (1:20) . The NLs were further diluted 1:100 in water, and drops of the diluted NLs were placed on copper grids. After removing excess liquid with filter paper, a drop of 2% (w/v) aqueous phosphotungstic acid was added to the grid for negative staining and the morphology of the NLs was examined by transmission electron microscopy (TEM, JEM-200; JEOL, Tokyo, Japan).
In Vitro Skin Permeability of P. pyrifolia Callus Extract-Loaded NLs
The in vitro artificial skin permeabilities of P. pyrifolia callus extract, PC-NLs, or PC-ENLs were evaluated using a Skin PAMPA Explorer Test System (Pion, Billerica, MA, USA). Each well of the top (donor) compartment of a Skin PAMPA sandwich plate was hydrated with 200 µL of diluted hydration solution (pH 7.4) overnight. Before forming the sandwich, the bottom (acceptor) plate was filled with 200 µL of Prisma-HT buffer solution (pH 7.4). Then, 200 µL of each sample solution of P. pyrifolia callus extract, PC-NLs, or PC-ENLs diluted with Prisma-HT buffer solution (equivalent to 100 µg/mL adenosine) was loaded into the donor plate well and the resulting sandwich was incubated at room temperature. After 1, 3, 6, 9, 12, and 24 h, each PAMPA sandwich was separated, and 100 µL aliquots of both donor and acceptor solutions were collected. The adenosine from the permeated P. pyrifolia callus extract in the artificial skin permeation experiments was quantified using an HPLC system with UV detection, as described above.
To evaluate the human skin permeability of the P. pyrifolia callus extract or PC-ENLs across an epidermal layer, human epidermis (Huskin; Hans Biomed Corp., Daejeon, Republic of Korea) was mounted with the SC facing upward on the receptor compartment of a Franz diffusion cell system containing 5 mL of PBS (pH 7.4). After the donor compartment was clamped in place, 500 µL of P. pyrifolia callus extract or PC-ENLs diluted in PBS (pH 7.4) (equivalent to 100 µg/mL adenosine) was loaded into the donor compartment (diffusion area: 0.785 cm 2 ). The receptor compartments were stirred at 600 rpm and skin surfaces were maintained at 32 • C during the experiment. At 1, 3, 6, 9, 12, and 24 h after loading of the sample solutions, 200 µL of the receptor phase solution was withdrawn and filled with 200 µL of fresh PBS (pH 7.4). After filtering the samples through polyvinylidene difluoride (PVDF) membrane filters (pore size: 0.45 µm), permeated adenosine from the callus extract or PC-ENLs was assessed by HPLC at 254 nm, as described above.
Statistics
The t test was used to compare two mean values of unpaired data, and one-way analysis of variance (ANOVA) followed by Tukey's multiple comparison test was used to compare three or more mean values of unpaired data. All data are expressed as means ± standard deviation, and p < 0.05 was taken to indicate statistical significance.
Results and Discussion
Preparation and Characterization of Callus Extract from P. pyrifolia
The pale yellowish P. pyrifolia callus was successfully induced after transferring in vitro-derived young leaf explants into M&S medium with 2.0 mg/L picloram in comparison with those in 2 mg/mL of 2,4-dichlorophenoxy-acetic acid and 6-benzylaminopurine alone or in combination. Furthermore, plant cell proliferation at the site of explant injury as well as in suspension was maximally stimulated using picloram as a growth regulator in medium supplemented with vitamins, including myoinositol, pyridoxine hydrochloride, nicotinic acid, thiamine hydrochloride, and riboflavin.
The aqueous extract derived from P. pyrifolia callus was screened using HPLC with a photodiode array detector (HPLC-PDA) to determine the chemical composition. Three compounds were detected and isolated from the extract, and their structures were identified unambiguously as uridine (1), adenosine (2), and guanosine (3) by spectroscopic analyses, including UV, NMR, and mass spectrometry, as well as by comparison with standards ( Figure 1 ). The contents of nucleosides 1-3 in the extract were evaluated using calibration curves based on peak areas (Y) and concentrations (X, µg/mL) in the ranges of 10-1000 µg/mL. Each calibration curve showed good linear regression as follows: uridine (1), Y = 19,494X − 19,998, r 2 = 1.0000; adenosine (2), Y = 25,897X -41,736, r 2 = 1.0000; guanosine (3), Y = 25,009X − 8108.2, r 2 = 1.0000. Therefore, the contents of the three ribonucleosides in the callus extract were determined to be 1620.15 ± 2.28 (1) were detected and isolated from the extract, and their structures were identified unambiguously as uridine (1), adenosine (2), and guanosine (3) by spectroscopic analyses, including UV, NMR, and mass spectrometry, as well as by comparison with standards ( Figure 1 ). The contents of nucleosides 1-3 in the extract were evaluated using calibration curves based on peak areas (Y) and concentrations (X, µg/mL) in the ranges of 10-1000 µg/mL. Each calibration curve showed good linear regression as follows: uridine (1) Pyrimidine nucleoside uridine has been shown to rapidly restore the ocular surface in patients with dry eye by increasing hyaluronic acid synthesis, reducing degradative enzymes, such as matrix metalloproteinase-9, and enhancing the number of goblet cells [42] . Adenosine is a naturally occurring purine nucleoside formed by the breakdown of adenosine triphosphate, which is a member of an important class of bioactive molecules with antiwrinkle properties [43] . Therefore, Pyrimidine nucleoside uridine has been shown to rapidly restore the ocular surface in patients with dry eye by increasing hyaluronic acid synthesis, reducing degradative enzymes, such as matrix metalloproteinase-9, and enhancing the number of goblet cells [42] . Adenosine is a naturally occurring purine nucleoside formed by the breakdown of adenosine triphosphate, which is a member of an important class of bioactive molecules with antiwrinkle properties [43] . Therefore, adenosine has been applied in cosmetic preparations to improve facial wrinkles. The guanine-based purine, guanosine, exhibits beneficial effects on injured neural cells and can modulate several signaling pathways to provide neuroprotection. Furthermore, it can modulate glutamatergic metabolism, avoiding overactivation of glutamate receptors, and exerting antioxidant and anti-inflammatory activities [44] . Therefore, the callus extract was expected to possess biological activities related to skin regeneration.
Phytochemicals, such as phenolic and flavonoid compounds, have been reported to possess significant antioxidant properties, which are crucial for antiaging skin care products conferring protection against UV radiation and inflammation [45] . However, the total content of phenolic compounds in the callus extract was 9.25 ± 0.14 mg/g of gallic acid equivalents, and flavonoids were not detected by the corresponding AlCl 3 method, which has lower sensitivity for phenolics and flavonoids than the levels in the extracts of P. pyrifolia peel or flesh. In addition, the presence of major phenolics and flavonoids in the P. pyrifolia callus extract could not be clearly determined by HPLC-PDA experiments. This may have been due to environmental factors related to the light/dark incubation of callus and the level of picloram in M&S culture medium. Previous studies indicated that the production of phenolics was hindered when the callus was induced under dark conditions, and thereafter the total contents of phenolics and flavonoids were lower than those in the in vivo-derived plant extract [46] . Therefore, the light/dark incubation of cultures may play an important role in phenolic accumulation. Moreover, higher levels of picloram in the culture medium and extraction under aqueous conditions can reduce the total phenolic and flavonoid levels in the in vitro plant extract, which would further influence the antioxidant potential [31] .
Antioxidant Activities of P. pyrifolia Callus Extract
The antioxidant activity of the P. pyrifolia callus extract was expressed as the ability to scavenge free radicals in DPPH and ABTS assays, and to reduce ferric ions in the FRAP test, because radical scavenging activities in the extracts of many plants, vegetables, and fruits have been reported to be linearly correlated with the total phenolic compound and total flavonoid contents [47] . As shown in Figure 2 , the callus extract and ascorbic acid (positive control) exhibited dose-dependent radical scavenging activity. In the DPPH assay, the callus extract showed free radical scavenging activity of 76.9% ± 2.88% at 300 µg/mL, which was comparable to that of 44 µg/mL ascorbic acid (82.5% ± 3.63%). The IC 50 value of the callus extract was 124 ± 6.64 µg/mL, which was equivalent to the value of 16.8 ± 1.81 µg/mL for ascorbic acid (Figure 2a) . However, the IC 50 of the callus extract in the ABTS test was 1236 ± 7.122 µg/mL, which was 6.84 times higher than that of ascorbic acid (181 ± 0.491 µg/mL) (Figure 2b ). The observed differences in the capacity of the callus extract to scavenge ABTS and DPPH radicals may have been mainly because, in these assays, the transfer of hydrogen and the transfer of electrons occur at different redox potentials and are dependent on the structures of the antioxidants [48] . The callus extract also showed dose-dependent ferric reducing power in the FRAP assay, which was based on the ability to reduce Fe 3+ to Fe 2+ . At 300 µg/mL, the callus extract exhibited ferric reducing activity of 46.8% ± 3.02%, which was comparable to the value of 719 ± 61.8 µmoL Fe(II)/g for deionized water.
The present findings obtained from three antioxidant assays (DPPH, ABTS, and FRAP) indicated that the callus extract had antioxidant properties related to the total phenolic content. However, antioxidant activity was lower than that reported previously for a pear extract; the DPPH and ABTS free radical scavenging activities of the ethanol extract of pear peel were reported to be 78.4% ± 0.5% and 78.4% ± 1.1%, respectively, at a concentration of 100 µg/mL [49] . Therefore, further studies are required to optimize the callus culture conditions and solvent system for extraction to enhance the contents of secondary metabolites with potent antioxidant activity. 
Antiglycation Potential of P. pyrifolia Callus Extract
Glycation of protein components of the ECM in the dermis severely damages skin elasticity by cross-linking the fibers, thereby reducing their elasticity. Non-cross-linked advanced glycation end products (AGEs), such as N ε -(carboxymethyl) lysine (CML), also accumulate in the epidermis as Values are the means ± standard deviation (n = 6 per group).
Glycation of protein components of the ECM in the dermis severely damages skin elasticity by cross-linking the fibers, thereby reducing their elasticity. Non-cross-linked advanced glycation end products (AGEs), such as N ε -(carboxymethyl) lysine (CML), also accumulate in the epidermis as well as in collagen. The age-related accumulation of CML results in reduced skin elasticity and the development of a dull appearance and lack of firmness of the skin [50] . To evaluate the inhibitory activities of P. pyrifolia callus extract on collagen and elastin glycation, we measured the total fluorescent AGEs in collagen or elastin glycated with glyceraldehyde. As shown in Figure 3a , aminoguanidine, one of the most promising pharmacological interventions for inhibiting glycation, exhibited 45.7% ± 2.24% inhibition of AGE formation in collagen at 741 µg/mL, with an IC 50 of 727 ± 49.9 µg/mL. The callus extract also inhibited the glycation of collagen in a dose-dependent manner; at 5000 µg/mL, the callus extract exhibited 89.3% ± 2.70% inhibition of AGE formation in collagen. In addition, after treatment with 3000 µg/mL of the callus extract, the magnitude of the collagen glycation inhibitory effect was 47.8% ± 3.18%, which was equivalent to that of 741 µg/mL aminoguanidine. Figure 3b shows the effect of P. pyrifolia callus extract on total AGE formation in elastin over a 6-day incubation period. The fluorescence intensity of elastin incubated with glyceraldehyde increased significantly by about nine-fold in comparison to that of elastin alone, indicating progressive formation of AGEs. When elastin glycation occurred in the presence of 741 µg/mL aminoguanidine, the percentage inhibition of AGE formation was 57.4% ± 0.451%, with an estimated IC 50 value of 602 ± 2.72 µg/mL. The callus extract also significantly reduced the formation of AGEs in a concentration-dependent manner, and at 5000 µg/mL, the callus extract decreased AGE formation by 82.7% ± 4.59%. Upon incubation of elastin with glyceraldehyde and 3000 µg/mL callus extract, the percentage inhibition of AGE formation was 51.3% ± 1.45%, which was comparable to the effect of 741 µg/mL aminoguanidine.
Although the level of phenolic compounds in callus extract was low, positive glycation inhibitory effects on collagen and elastin, which have crucial roles in maintaining the structural integrity and elasticity of the skin, were observed. However, further cell-based antioxidant studies are required to examine the possible antiaging effect of the callus extract on the skin via its inhibition of ROS-induced oxidative damage to cells, which leads to lipid peroxide formation, mitochondrial and DNA damage, and alterations in protein and gene function [9] . development of a dull appearance and lack of firmness of the skin [50] . To evaluate the inhibitory activities of P. pyrifolia callus extract on collagen and elastin glycation, we measured the total fluorescent AGEs in collagen or elastin glycated with glyceraldehyde. As shown in Figure 3a , aminoguanidine, one of the most promising pharmacological interventions for inhibiting glycation, exhibited 45.7% ± 2.24% inhibition of AGE formation in collagen at 741 µg/mL, with an IC50 of 727 ± 49.9 µg/mL. The callus extract also inhibited the glycation of collagen in a dose-dependent manner; at 5000 µg/mL, the callus extract exhibited 89.3% ± 2.70% inhibition of AGE formation in collagen. In addition, after treatment with 3000 µg/mL of the callus extract, the magnitude of the collagen glycation inhibitory effect was 47.8% ± 3.18%, which was equivalent to that of 741 µg/mL aminoguanidine. Figure 3b shows the effect of P. pyrifolia callus extract on total AGE formation in elastin over a 6-day incubation period. The fluorescence intensity of elastin incubated with glyceraldehyde increased significantly by about nine-fold in comparison to that of elastin alone, indicating progressive formation of AGEs. When elastin glycation occurred in the presence of 741 µg/mL aminoguanidine, the percentage inhibition of AGE formation was 57.4% ± 0.451%, with an estimated IC50 value of 602 ± 2.72 µg/mL. The callus extract also significantly reduced the formation of AGEs in a concentration-dependent manner, and at 5000 µg/mL, the callus extract decreased AGE formation by 82.7% ± 4.59%. Upon incubation of elastin with glyceraldehyde and 3000 µg/mL callus extract, the percentage inhibition of AGE formation was 51.3% ± 1.45%, which was comparable to the effect of 741 µg/mL aminoguanidine.
Although the level of phenolic compounds in callus extract was low, positive glycation inhibitory effects on collagen and elastin, which have crucial roles in maintaining the structural integrity and elasticity of the skin, were observed. However, further cell-based antioxidant studies are required to examine the possible antiaging effect of the callus extract on the skin via its inhibition of ROS-induced oxidative damage to cells, which leads to lipid peroxide formation, mitochondrial and DNA damage, and alterations in protein and gene function [9] . 
Skin Regeneration Activities of P. pyrifolia Callus Extract
Effects of Callus Extract and Combination of Callus Extract and Adenosine on Keratinocyte and Fibroblast Cell Proliferation
In vitro cell viability assays were performed using HaCaT and CCD-986sk cells to determine the effects of P. pyrifolia callus extract alone and in combination with adenosine on cell proliferation. As shown in Figure 4a , adenosine and P. pyrifolia callus extract exhibited dose-dependent stimulation of HaCaT cell proliferation; 0.015 µM adenosine significantly increased cell proliferation by 110% ± 2.51% and cells treated with 15 µM adenosine showed 49% more proliferation than the controls. The relative proliferation of cells treated with 1.36 µg/mL P. pyrifolia callus extract was 123% ± 3.68%, which was equivalent to that of cells treated with 1.5 µM adenosine (124% ± 3.71%). At 13.6 µg/mL, P. pyrifolia callus extract induced a 31% increase in HaCaT cell proliferation compared to controls, indicating that P. pyrifolia callus extract alone effectively stimulated HaCaT cell growth. Cells treated simultaneously with adenosine (0.015 µM) and P. pyrifolia callus extract (0.0136 µg/mL) showed significantly increased proliferation (172% ± 12.6%), which was 1.28-and 1.87-fold higher than those seen with adenosine and P. pyrifolia callus extract alone, respectively (Figure 4b) .
Similarly, the proliferation of CCD-986sk cells also increased with increasing adenosine concentration, and the relative cell proliferation at 15 µM adenosine was 70% higher than that of controls. On the other hand, fibroblast cell growth was increased to 156% ± 5.42% at 0.0136 µg/mL of P. pyrifolia callus extract, which was 11% higher than that seen with 0.15 µM adenosine, but cell proliferation was not significantly increased at P. pyrifolia callus extract concentrations >0.0136 µg/mL (Figure 4c ). Combined treatment with adenosine and P. pyrifolia callus extract also resulted in a greater cell proliferative effect than either agent alone (Figure 4d) . Additionally, the proliferation of human fibroblasts was maximized by treatment with 0.0136 µg/mL of P. pyrifolia callus extract combined with 0.015 µM adenosine, and the relative cell proliferation was 12% and 5% greater than those seen with adenosine (0.015 µM) or P. pyrifolia callus extract (0.0136 µg/mL), respectively. 
Skin Regeneration Activities of P. pyrifolia Callus Extract
Effects of Callus Extract and Combination of Callus Extract and Adenosine on Keratinocyte and Fibroblast Cell Proliferation
Similarly, the proliferation of CCD-986sk cells also increased with increasing adenosine concentration, and the relative cell proliferation at 15 µM adenosine was 70% higher than that of controls. On the other hand, fibroblast cell growth was increased to 156% ± 5.42% at 0.0136 µg/mL of P. pyrifolia callus extract, which was 11% higher than that seen with 0.15 µM adenosine, but cell proliferation was not significantly increased at P. pyrifolia callus extract concentrations >0.0136 µg/mL (Figure 4c ). Combined treatment with adenosine and P. pyrifolia callus extract also resulted in a greater cell proliferative effect than either agent alone (Figure 4d) . Additionally, the proliferation of human fibroblasts was maximized by treatment with 0.0136 µg/mL of P. pyrifolia callus extract combined with 0.015 µM adenosine, and the relative cell proliferation was 12% and 5% greater than those seen with adenosine (0.015 µM) or P. pyrifolia callus extract (0.0136 µg/mL), respectively.
The strong cell proliferation activity of P. pyrifolia callus extract on keratinocytes and fibroblasts may be closely related to the presence of uridine (1), adenosine (2), and guanosine (3), suggesting that the callus extract may be a potent rejuvenator when included along with other antiaging ingredients, such as adenosine, in cosmetic formulations to improve undesirable wrinkles.
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The strong cell proliferation activity of P. pyrifolia callus extract on keratinocytes and fibroblasts may be closely related to the presence of uridine (1), adenosine (2), and guanosine (3), suggesting that the callus extract may be a potent rejuvenator when included along with other antiaging ingredients, such as adenosine, in cosmetic formulations to improve undesirable wrinkles. Values are means ± standard deviation (n = 6 per group). * p < 0.05, ** p < 0.01, *** p < 0.001 compared to untreated controls. ### p < 0.001 compared to 0.015 µM adenosine alone.
Procollagen Synthesis Effects of Treatment with P. pyrifolia Callus Extract Alone and in Combination with Adenosine
Collagen, one of the major proteins in ECM, is the main building block of connective tissue, hair, and nails, and is responsible for maintaining the elasticity, strength, and flexibility of skin. In addition, adenosine has been shown to modulate cellular and organ function via occupancy of four specific cell surface receptors (A1, A2A, A2B, and A3), all of which are members of the large family of 7-transmembrane spanning and heterotrimeric G protein-associated receptors [51] . In particular, the activation of adenosine A2A receptors promoted collagen synthesis of human fibroblast cells [52] . Therefore, topical treatment with adenosine increased the number of myofibroblasts, which are Values are means ± standard deviation (n = 6 per group). * p < 0.05, ** p < 0.01, *** p < 0.001 compared to untreated controls. ### p < 0.001 compared to 0.015 µM adenosine alone.
Collagen, one of the major proteins in ECM, is the main building block of connective tissue, hair, and nails, and is responsible for maintaining the elasticity, strength, and flexibility of skin. In addition, adenosine has been shown to modulate cellular and organ function via occupancy of four specific cell surface receptors (A1, A2A, A2B, and A3), all of which are members of the large family of 7-transmembrane spanning and heterotrimeric G protein-associated receptors [51] . In particular, the activation of adenosine A2A receptors promoted collagen synthesis of human fibroblast cells [52] . Therefore, topical treatment with adenosine increased the number of myofibroblasts, which are responsible for the contraction of granulation tissue during tissue regeneration, with increasing concentration. Therefore, we examined the effects of callus extract alone or in combination with adenosine on collagen production by human fibroblasts by measuring the level of procollagen type I C-peptide. As shown in Figure 5 , the biosynthesis of procollagen type I C-peptide by CCD-986sk cells was promoted by the extract in a dose-dependent manner and significantly increased by treatment with 0.0136-1.36 µg/mL of P. pyrifolia callus extract in comparison with the control group; cells treated with 1.36 µg/mL of P. pyrifolia callus extract showed 1.60-and 1.43-fold increases in the levels of procollagen type I C-peptide, respectively, compared to control cells and those treated with adenosine alone (0.015 µM). In addition, the synthesis of procollagen type I C-peptide was enhanced by adding P. pyrifolia callus extract to adenosine (0.015 µM); the level of procollagen type I C-peptide production after treatment with a combination of P. pyrifolia callus extract (0.0136 µg/mL) and adenosine (0.015 µM) was 1.51-, 1.11-, and 1.35-fold greater than after treatment with control, callus extract alone (0.0136 µg/mL), and adenosine alone (0.015 µM), respectively. These results confirmed the fibrogenic role of the callus extract alone and in combination with adenosine on the skin. responsible for the contraction of granulation tissue during tissue regeneration, with increasing concentration. Therefore, we examined the effects of callus extract alone or in combination with adenosine on collagen production by human fibroblasts by measuring the level of procollagen type I C-peptide. As shown in Figure 5 , the biosynthesis of procollagen type I C-peptide by CCD-986sk cells was promoted by the extract in a dose-dependent manner and significantly increased by treatment with 0.0136-1.36 µg/mL of P. pyrifolia callus extract in comparison with the control group; cells treated with 1.36 µg/mL of P. pyrifolia callus extract showed 1.60-and 1.43-fold increases in the levels of procollagen type I C-peptide, respectively, compared to control cells and those treated with adenosine alone (0.015 µM). In addition, the synthesis of procollagen type I C-peptide was enhanced by adding P. pyrifolia callus extract to adenosine (0.015 µM); the level of procollagen type I C-peptide production after treatment with a combination of P. pyrifolia callus extract (0.0136 µg/mL) and adenosine (0.015 µM) was 1.51-, 1.11-, and 1.35-fold greater than after treatment with control, callus extract alone (0.0136 µg/mL), and adenosine alone (0.015 µM), respectively. These results confirmed the fibrogenic role of the callus extract alone and in combination with adenosine on the skin. 
Effects of P. pyrifolia Callus Extract Alone and in Combination with Adenosine on In Vitro Scratch Wound Recovery
Next, we examined the dose-dependent effects of P. pyrifolia callus extract alone and in combination with adenosine on HaCaT cell proliferation/migration using a wound healing assay. Both P. pyrifolia callus extract and adenosine alone promoted relative wound recovery in a dose-and time-dependent manner. Treatment with P. pyrifolia callus extract alone (1.36 µg/mL) for 9 h significantly accelerated wound closure of keratinocytes, with a value of 68.5% ± 2.18%, which was higher than those for control treatment and treatment with 0.15 µg/mL adenosine alone. Similarly, adenosine also induced a dose-dependent increase in HaCaT cell proliferation/migration up to 15 µM, and the relative wound recovery at 1.5 µM adenosine was equivalent to that of 1.36 µg/mL of callus extract (Figure 6a ). The process of wound closure, driven by the proliferation/migration of HaCaT cells, is illustrated by representative images in Figure 6b ,c. The relative wound recovery at 9 h after the combined treatment with P. pyrifolia callus extract (0.0136 µg/mL) and adenosine (0.015 µM) was Figure 5 . Procollagen type I C-peptide synthesis by CCD-986sk cells after treatment with P. pyrifolia callus extract alone or in combination with adenosine (0.015 µM) for 24 h. Values are means ± standard deviation (n = 6 per group). *** p < 0.001 compared to untreated control. # p < 0.05, ## p < 0.01 compared to the same concentration of P. pyrifolia callus extract alone.
Next, we examined the dose-dependent effects of P. pyrifolia callus extract alone and in combination with adenosine on HaCaT cell proliferation/migration using a wound healing assay. Both P. pyrifolia callus extract and adenosine alone promoted relative wound recovery in a doseand time-dependent manner. Treatment with P. pyrifolia callus extract alone (1.36 µg/mL) for 9 h significantly accelerated wound closure of keratinocytes, with a value of 68.5% ± 2.18%, which was higher than those for control treatment and treatment with 0.15 µg/mL adenosine alone. Similarly, adenosine also induced a dose-dependent increase in HaCaT cell proliferation/migration up to 15 µM, and the relative wound recovery at 1.5 µM adenosine was equivalent to that of 1.36 µg/mL of callus extract (Figure 6a ). The process of wound closure, driven by the proliferation/migration of HaCaT cells, is illustrated by representative images in Figure 6b ,c. The relative wound recovery at 9 h after the combined treatment with P. pyrifolia callus extract (0.0136 µg/mL) and adenosine (0.015 µM) was 72.8% ± 5.07%, which was 21% greater than those seen with the same concentrations of P. pyrifolia callus extract (60.0% ± 3.76%) or adenosine (60.4% ± 2.04%) alone (Figure 6b) . Although the wounded area in the combined treatment group was recovered completely at 12 h (93.7% ± 5.46%), sizeable wound area gaps in the monolayer were still present in the control as well as in the cells treated with P. pyrifolia callus extract or adenosine alone. At 12 h after treatment with serum-free medium (control), P. pyrifolia callus extract, or adenosine, the relative wound recovery values were 85.2% ± 3.89%, 82.2% ± 4.37%, and 89.0% ± 5.89%, respectively. 72.8% ± 5.07%, which was 21% greater than those seen with the same concentrations of P. pyrifolia callus extract (60.0% ± 3.76%) or adenosine (60.4% ± 2.04%) alone (Figure 6b ). Although the wounded area in the combined treatment group was recovered completely at 12 h (93.7% ± 5.46%), sizeable wound area gaps in the monolayer were still present in the control as well as in the cells treated with P. pyrifolia callus extract or adenosine alone. At 12 h after treatment with serum-free medium (control), P. pyrifolia callus extract, or adenosine, the relative wound recovery values were 85.2% ± 3.89%, 82.2% ± 4.37%, and 89.0% ± 5.89%, respectively. Values are means ± standard deviation (n = 6). * p < 0.05, *** p < 0.001 compared to untreated control. # p < 0.05, ### p < 0.001 compared to adenosine alone (0.015 µM). $$$ p < 0.001 compared to P. pyrifolia callus extract alone (0.0136 µg/mL). Scale bar in (c): 300 µm.
In vitro scratch wound recovery assay with human fibroblast cells yielded similar results (Figure 7) . Treatment of fibroblasts with P. pyrifolia callus extract or adenosine alone led to rapid scratch wound closure of CCD-986sk cell monolayers. Therefore, the recovery rates after 36 h of treatment with P. pyrifolia callus extract (0.0136 µg/mL) or adenosine (0.015 µM) alone were 22% and 33% higher than that of serum-free medium control (56.9 ± 7.31%), respectively (Figure 7a ). In addition, at 36 h after treatment with 1.36 µg/mL of P. pyrifolia callus extract or 1.5 µM adenosine alone, the wound closure area had increased by 38% and 48% compared to the control group, respectively, but there were no obvious improvements in scratch wound recovery when the concentrations of callus extract or adenosine were increased above 1.36 µg/mL and 1.5 µM, respectively. In addition, combined treatment with P. pyrifolia callus extract (0.0136 µg/mL) and adenosine (0.015 µM) significantly accelerated wound closure in comparison to the control. A synergistic effect on wound closure was observed after treatment with P. pyrifolia callus extract (0.0136 µg/mL) along with adenosine (0.015 µM), and their wound recovery rates were maximally accelerated by 31% and 18% compared to each material alone, respectively, at 24 h after treatment (Figure 7b,c) . Thus, almost complete wound closure at 48 h was observed with combined P. pyrifolia callus extract (0.0136 µg/mL) and adenosine (0.015 µM) treatment, resulting in relative wound recovery of 92.1% ± 3.14%, which was 1.20-, 1.08-, and 1.10-fold higher than the recovery rates of control cells or cells treated with the same concentrations of P. pyrifolia callus extract (85.2% ± 4.90%) and adenosine (84.0% ± 6.91%) alone, respectively. Values are means ± standard deviation (n = 6). * p < 0.05, *** p < 0.001 compared to untreated control. # p < 0.05, ### p < 0.001 compared to adenosine alone (0.015 µM). $$$ p < 0.001 compared to P. pyrifolia callus extract alone (0.0136 µg/mL). Scale bar in (c): 300 µm.
In vitro scratch wound recovery assay with human fibroblast cells yielded similar results (Figure 7) . Treatment of fibroblasts with P. pyrifolia callus extract or adenosine alone led to rapid scratch wound closure of CCD-986sk cell monolayers. Therefore, the recovery rates after 36 h of treatment with P. pyrifolia callus extract (0.0136 µg/mL) or adenosine (0.015 µM) alone were 22% and 33% higher than that of serum-free medium control (56.9 ± 7.31%), respectively (Figure 7a ). In addition, at 36 h after treatment with 1.36 µg/mL of P. pyrifolia callus extract or 1.5 µM adenosine alone, the wound closure area had increased by 38% and 48% compared to the control group, respectively, but there were no obvious improvements in scratch wound recovery when the concentrations of callus extract or adenosine were increased above 1.36 µg/mL and 1.5 µM, respectively. In addition, combined treatment with P. pyrifolia callus extract (0.0136 µg/mL) and adenosine (0.015 µM) significantly accelerated wound closure in comparison to the control. A synergistic effect on wound closure was observed after treatment with P. pyrifolia callus extract (0.0136 µg/mL) along with adenosine (0.015 µM), and their wound recovery rates were maximally accelerated by 31% and 18% compared to each material alone, respectively, at 24 h after treatment (Figure 7b,c) . Thus, almost complete wound closure at 48 h was observed with combined P. pyrifolia callus extract (0.0136 µg/mL) and adenosine (0.015 µM) treatment, resulting in relative wound recovery of 92.1% ± 3.14%, which was 1.20-, 1.08-, and 1.10-fold higher than the recovery rates of control cells or cells treated with the same concentrations of P. pyrifolia callus extract (85.2% ± 4.90%) and adenosine (84.0% ± 6.91%) alone, respectively.
The results presented here support the enhancement of skin regeneration by callus extract via its major bioactive nucleosides, including uridine, adenosine, and guanosine. Uridine ointment was reported to ameliorate 5-fluorouracil (FU)-induced skin toxicity as well as to protect against 5-FU-induced keratinocyte damage without influencing the anticancer efficacy of 5-FU [53] . In addition, adenosine A2A receptors are expressed on most cell types involved in wound healing, including macrophages, fibroblasts, and microvascular endothelial cells. Previous studies indicated that both adenosine A2A and A2B receptors contributed to enhanced fibroblast and endothelial cell migration [54] . Furthermore, adenosine can promote angiogenesis by inhibiting endothelial secretion of the antiangiogenic factor, thrombospondin-1, stimulating the production of vascular endothelial growth factor (VEGF) by macrophages via activation of adenosine A2A receptors, and inducing VEGF release by retinal endothelial cells through A2B receptors [51, 55] . The results presented here support the enhancement of skin regeneration by callus extract via its major bioactive nucleosides, including uridine, adenosine, and guanosine. Uridine ointment was reported to ameliorate 5-fluorouracil (FU)-induced skin toxicity as well as to protect against 5-FU-induced keratinocyte damage without influencing the anticancer efficacy of 5-FU [53] . In addition, adenosine A2A receptors are expressed on most cell types involved in wound healing, including macrophages, fibroblasts, and microvascular endothelial cells. Previous studies indicated that both adenosine A2A and A2B receptors contributed to enhanced fibroblast and endothelial cell migration [54] . Furthermore, adenosine can promote angiogenesis by inhibiting endothelial secretion of the antiangiogenic factor, thrombospondin-1, stimulating the production of vascular endothelial growth factor (VEGF) by macrophages via activation of adenosine A2A receptors, and inducing VEGF release by retinal endothelial cells through A2B receptors [51, 55] . Values are means ± standard deviation (n = 6). * p < 0.05, ** p < 0.01, *** p < 0.001 compared to the untreated control. # p < 0.05 compared to adenosine alone (0.015 µM). $$ p < 0.01, $$$ p < 0.001 compared to P. pyrifolia callus extract alone (0.0136 µg/mL). Scale bar in (c): 300 µm.
Therefore, the overall results suggest that topical application of callus extract alone and in combination with adenosine has the potential to accelerate the regeneration of damaged skin via stimulation of keratinocyte and fibroblast cell proliferation/migration, activating collagen synthesis and stabilizing the epithelial barrier.
Characterization and Skin Permeability of P. pyrifolia Callus Extract-Loaded NLs
Characterization of NLs Containing P. pyrifolia Callus Extract
To increase the skin permeability of P. pyrifolia callus extract, extract-loaded NLs were prepared by emulsification or reverse-phase evaporation followed by microfluidization. All liposomes exhibited ~80% mean entrapment efficacy of callus extract. The mean particle size of the callus extract-loaded liposomes produced by nano-emulsification (PC-NLs) was 96.2 ± 0.6 nm, with a narrow size range distribution (PDI = 0.277 ± 0.009). The zeta potential was −67.2 ± 1.40 mV. The elastic NLs incorporating callus extract (PC-ENLs) produced by thin-film hydration had larger vesicles than PC-NLs, which may have been produced by the incorporation of Tween 80 as an edge activator. The average size and PDI of PC-ENLs were 210 ± 5.8 nm and 0.293 ± 0.021, respectively, and they also had a negative surface charge, with a zeta potential of −43.7 ± 0.890 mV. TEM revealed that all liposomes had nano-sized globular vesicles, and their sizes were similar to the results obtained with a particle size analyzer (Figure 8 ). TEM images of PC-NLs showed more regular and well-defined spherical liposomes than PC-ENLs. Most PC-NL vesicles were elliptical in shape with a large interior aqueous phase and a flexible lipid layer. Values are means ± standard deviation (n = 6). * p < 0.05, ** p < 0.01, *** p < 0.001 compared to the untreated control. # p < 0.05 compared to adenosine alone (0.015 µM). $$ p < 0.01, $$$ p < 0.001 compared to P. pyrifolia callus extract alone (0.0136 µg/mL). Scale bar in (c): 300 µm.
Characterization and Skin Permeability of P. pyrifolia Callus Extract-Loaded NLs
Characterization of NLs Containing P. pyrifolia Callus Extract
To increase the skin permeability of P. pyrifolia callus extract, extract-loaded NLs were prepared by emulsification or reverse-phase evaporation followed by microfluidization. All liposomes exhibited 80% mean entrapment efficacy of callus extract. The mean particle size of the callus extract-loaded liposomes produced by nano-emulsification (PC-NLs) was 96.2 ± 0.6 nm, with a narrow size range distribution (PDI = 0.277 ± 0.009). The zeta potential was −67.2 ± 1.40 mV. The elastic NLs incorporating callus extract (PC-ENLs) produced by thin-film hydration had larger vesicles than PC-NLs, which may have been produced by the incorporation of Tween 80 as an edge activator. The average size and PDI of PC-ENLs were 210 ± 5.8 nm and 0.293 ± 0.021, respectively, and they also had a negative surface charge, with a zeta potential of −43.7 ± 0.890 mV. TEM revealed that all liposomes had nano-sized globular vesicles, and their sizes were similar to the results obtained with a particle size analyzer (Figure 8 ). TEM images of PC-NLs showed more regular and well-defined spherical liposomes than PC-ENLs. Most PC-NL vesicles were elliptical in shape with a large interior aqueous phase and a flexible lipid layer. 
In Vitro Skin Permeability of NLs Containing P. pyrifolia Callus Extract
The artificial skin permeability of P. pyrifolia callus extract was significantly increased by encapsulation into NLs (Figure 9 ). Compared to the skin permeation from P. pyrifolia callus extract solution, the permeated concentration values for adenosine in the callus extract from PC-NLs and PC-ENLs were increased by 1.25-and 1.75-fold, respectively, at 24 h (Figure 9a ). In addition, the effective permeability of adenosine from PC-ENLs prepared as elastic NLs was significantly greater than those of PC-NLs and callus extract solution, and the maximum skin permeability of adenosine from PC-ENLs was 1.63-and 2. Elastic NLs are prepared by incorporating a single-chain surfactant as an edge activator, which decreases the transition temperature and destabilizes the lipid bilayers of liposomes, followed by increasing their deformability and elasticity, thereby facilitating skin penetration of liposomes by squeezing them across microlamellar spaces among keratinocytes to penetrate across the skin layer as well as through very tiny pores in the skin [56] . Therefore, enhanced skin permeation of PC-ENLs was also confirmed using an excised human epidermal layer. Incorporation of P. pyrifolia callus extract into elastic NLs significantly improved the skin penetration of the callus extract in comparison with callus extract solution (Figure 9b) . After a 24-h incubation, the cumulative penetrated concentration of adenosine from the PC-ENL formulation was 24.7-fold higher than that of P. pyrifolia callus extract alone. Thus, the skin flux of P. pyrifolia callus was increased by 1598% after encapsulation into elastic NEs (3.76 ± 1.71 vs. 0.222 ± 0.326 µg/cm 2 /h, respectively).
The enhanced permeability of adenosine from the callus extract could be attributed to the synergistic effects of elastic NLs acting as a carrier. Topically applied elastic NLs have been suggested to interact with the skin, resulting in several sequential events. Initially, water in the dispersion immediately evaporates, which increases the concentration gradient of NLs through the skin, followed by establishing hydration gradients along the skin. Thus, water content in the upper layer increases in comparison to the inner viable epidermis layer, which forms transepidermal hydration gradients. Thereafter, the hydration gradient as well as water affinity and high elasticity of elastic NLs act as driving forces to pull the liposomes toward the inner layer of the skin until they have reached the water-rich viable epidermis. After they have permeated across the SC barrier by diffusion via intercluster and intercorneocyte pathways, the pull mechanism is then changed to push mechanism on the liposomes [56, 57] . Furthermore, Subongkot et al. reported that elastic NLs were distinctly present in the hair follicular region, suggesting that the transfollicular pathway may also play an important role in the release of encapsulated active ingredients, compared to the interor trans-cellular route of the nonfollicular region [58] . Thus, P. pyrifolia callus extract-loaded elastic NLs may be useful as a potent skin rejuvenating cosmetic preparation exerting an antiaging activity on the skin. 
The enhanced permeability of adenosine from the callus extract could be attributed to the synergistic effects of elastic NLs acting as a carrier. Topically applied elastic NLs have been suggested to interact with the skin, resulting in several sequential events. Initially, water in the dispersion immediately evaporates, which increases the concentration gradient of NLs through the skin, followed by establishing hydration gradients along the skin. Thus, water content in the upper layer increases in comparison to the inner viable epidermis layer, which forms transepidermal hydration gradients. Thereafter, the hydration gradient as well as water affinity and high elasticity of elastic NLs act as driving forces to pull the liposomes toward the inner layer of the skin until they have reached the water-rich viable epidermis. After they have permeated across the SC barrier by diffusion via intercluster and intercorneocyte pathways, the pull mechanism is then changed to push mechanism on the liposomes [56, 57] . Furthermore, Subongkot et al. reported that elastic NLs were distinctly present in the hair follicular region, suggesting that the transfollicular pathway may also play an important role in the release of encapsulated active ingredients, compared to the inter-or trans-cellular route of the nonfollicular region [58] . Thus, P. pyrifolia callus extract-loaded elastic NLs may be useful as a potent skin rejuvenating cosmetic preparation exerting an antiaging activity on the skin. 
Conclusions
An aqueous extract was prepared using callus from in vitro-derived leaves of P. pyrifolia grown on M&S medium with picloram as a growth regulator. The total phenolic content in the callus extract was 9.25 ± 0.41 gallic acid equivalent/g dried callus extract and the DPPH free radical scavenging activity of the callus extract (300 µg/mL) was equivalent to that of 44 µg/mL ascorbic acid (82.5% ± 3.63%). The major biological components in the callus extract were identified as uridine (1), Values are means ± standard deviation (n = 6 per group). * p < 0.05, *** p < 0.001 compared to P. pyrifolia callus extract. ### p < 0.001 compared to PC-NLs.
An aqueous extract was prepared using callus from in vitro-derived leaves of P. pyrifolia grown on M&S medium with picloram as a growth regulator. The total phenolic content in the callus extract was 9.25 ± 0.41 gallic acid equivalent/g dried callus extract and the DPPH free radical scavenging activity of the callus extract (300 µg/mL) was equivalent to that of 44 µg/mL ascorbic acid (82.5% ± 3.63%). The major biological components in the callus extract were identified as uridine (1), adenosine (2) , and guanosine (3), and the IC 50 values for inhibition of AGE formation from collagen and elastin were 602 ± 2.72 and 3037 ± 102.5 µg/mL, respectively. The extract significantly promoted keratinocyte and fibroblast proliferation in a dose-dependent manner, and fibroblasts treated with 1.36 µg/mL extract exhibited 1.60-and 1.43-fold increases in the levels of procollagen type I C-peptide compared to controls and cells treated with adenosine (0.015 µM), respectively. The in vitro wound recovery rates of keratinocytes and fibroblasts were also 75% and 38% greater, respectively, than those of serum-free controls at 9 h and 36 h after extract treatment (1.36 µg/mL). Moreover, the combination of extract and adenosine significantly enhanced both cell proliferation/migration and procollagen synthesis. The extract flux across the human epidermis was increased by 1598% after incorporation into elastic NLs. These observations suggest that elastic NLs loaded with P. pyrifolia callus extract have potential use as skin rejuvenators and antiaging ingredients in cosmetic formulations. 
